ABsTrAcT
Objective.
Rheumatoid arthritis (RA) is a heterogeneous disease with unknown cause.
Aim.
To identify peripheral blood (PB) gene expression profiles that may distinguish RA subtypes.
Methods.
Large-scale expression profiling by cDNA microarrays was performed on PB from 35 patients and 15 healthy individuals. Differential gene expression was analyzed by significance analysis of microarrays (SAM), followed by Gene Ontology analysis of the significant genes. Gene set enrichment analysis was applied to identify pathways relevant to disease.
Results.
A substantially raised expression of a spectrum of genes involved in immune defense was found in the PB of patients with RA compared to healthy individuals. SAM analysis revealed a highly significant elevated expression of interferon (IFN) type I regulated genes in patients with RA compared to healthy individuals, which was confirmed by gene ontology and pathway analysis, suggesting that this pathway was activated systemically in RA. A quantitative analysis revealed that increased expression of IFN-response genes was characteristic of approximately half of the patients (IFN high patients). Application of pathway analysis revealed that the IFN high group was largely different from the controls, with evidence for upregulated pathways involved in coagulation and complement cascades, and fatty acid metabolism, while the IFN low group was similar to the controls. the characteristics of these patients. The control group consisted of 15 healthy individuals (9 females, 6 males, mean age: 43 years, ranging from . In all comparisons mentioned, the groups were age-and sex-matched. All patients and controls gave their informed consent, and the study protocol was approved by the Medical Ethics Committees from the Academic Medical Center and VU medical center.
Sample preparation, labeling and hybridization.
This procedure was performed as previously described. [13] In short, total RNA was isolated from PB using the PAXgene RNA isolation kit. Amplified RNA was labeled with aminoallyl-dUTP during cDNA synthesis, followed by chemical coupling of the aminoallyl group to Cy3 or Cy5 for the experimental and reference samples, respectively. The labeled cDNA transcripts were hybridized together on human cDNA microarrays with 42,000 elements, representing ~24,000 genes, generated at Stanford University, as described. [14] Data filtering and analysis.
Data were stored and pre-analyzed in the Stanford Microarray Database (SMD) [15] at http:// genome-www.stanford.edu/microarray. Data are expressed as log 2 ratios of fluorescence intensities of the experimental and the common reference sample. Intensity-dependent normalization using local estimation ("Loess") was performed separately on each sector of the array. Spots were included in the analysis when in at least 80% of the microarrays a reliable data point was obtained for that element (defined by a regression correlation coefficient R > 0.6 for Cy3 and Cy5 pixel 
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Indentifying RA subtypes by genomic profiling of peripheral blood 125 intensities, and a signal intensity of 2.5 times the local background for both Cy3 and Cy5). The use of a common reference allows comparison of the expression levels across all samples. [13] Therefore, the expression levels (as log2 ratio's) were median centered, i.e. each spotted element was expressed relative to the median expression level of that element across all samples. We corrected for array batch differences by applying Single Value Decomposition. [16] Genes represented more than once on the microarrays were averaged in SMD from sequences with the same Unigene identifier.
Statistical analysis.
Statistical analysis on microarray data was performed using Significance Analysis of Microarray data (SAM). [17] Genes that were expressed at significantly different levels between patients and controls, defined by a q-value of less than 5%, were analyzed by supervised hierarchical clustering [18] to visualize the correlation of co-expressed genes in Treeview (available at http://rana.lbl.gov/EisenSoftware.htm).
For an interpretation of the biological processes that are represented by the genes that show a significantly different level of expression in RA patients compared to the controls, we applied Gene Ontology analysis in the PANTHER database at http://PANTHER.appliedbiosystem.com.
[19] PANTHER uses the binomial statistics tool to compare our gene list to a reference list (NCBI:
Homo sapiens genes) to determine the statistically significant over-representation of functional groups of genes. A Bonferroni correction was applied to adjust for multiple comparisons. P values < 0.05 were considered significant.
For pathway analysis, we used Gene Set Enrichment Analysis (GSEA) [20] at http://www.broad.
mit.edu/gsea/. Like SAM, it utilizes data permutation to adjust for multiple testing, indicated by a false discovery rate. A Total of 408 pathways from the Kyoto Encyclopedia of Genes and Genomes (http://www.genome.jp/kegg) and Biocarta (http://www.biocarta.com) are applied in this analysis. The same gene may be present in more than one pathway or biological process.
In addition, we incorporated several IFN-response gene sets from published data. [21, 22] A minimal gene set size of 20 genes per pathway was applied, and pathways with a P-value < 0.05 and a false discovery rate (FDR) of < 0.25 were considered significant, according the authors'
suggestions. [20] For the comparison of mean gene expression levels in different gene sets, a
Student's T test was used.
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Gene expression profiling in peripheral blood cells of RA patients.
Gene expression profiling of PB cells from 32 RA, 3 probable RA patients, and 15 age and sexmatched healthy controls was performed on microarrays with a complexity of ~20K unique genes (43K elements). Data were analyzed as two class, unpaired data using SAM. [17] ] A total of 577 genes, of which 259 were upregulated, and 318 genes downregulated, were selected whose transcript levels were expressed at significantly different levels between the two groups.
The siginifcant gene expression differences between RA patients and healthy controls were visualized in a heatmap ( Figure 1A ).
[18]
Genes upregulated in RA.
A global view of the significantly differential expressed genes revealed a prominent cluster of IFN-inducible genes that was upregulated in RA patients. This cluster, highlighted in Figure In addition, all patients showed increased expression of several inflammatory mediators including the chemokines CXCL12, CXCL9, CCL15, CCL19, CCL7, CXCL12, CCL19, CCL7, CXCL3, and CCL8 as well as interleukin (IL)-19 and the S100 family proteins S100 calcium-binding protein A8 (S100A8), S100A11, and S100A12. Other genes that were upregulated in RA patients were members of the antioxidant metallothionein family and the anti-inflammatory IL-1 receptor antagonist.
Genes downregulated in RA.
Genes that showed a lower expression in RA included: CD3 zeta, TCR beta chain, TARP/TCRgam-maV9, granzyme M, runx3, and KLRB1, which are involved in cytotoxic functions, and many other genes with unknown function. Gene Ontology analysis of genes with significant differential expression in RA To systematically categorize the 577 genes with significant differential expression into functional groups we used the PANTHER database consisting of a large collection of protein families that have been subdivided into functionally related subfamilies.
[19] The differentially upregulated genes represented 7 significant functional biological processes. (Table 2 ). There were no 1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
17.
19.
21.
23.
25.
27.
29.
31.
33.
35.
37.
39.
Indentifying 
14.
17.
19.
21.
23.
25.
27.
29.
31.
33.
35.
37.
39.
significant downregulated ontology groups. The "Immunity and Defense" ontology group represents a broad composite family that consists of more specified ontology subgroups. Within these subgroups the most significant upregulated process that distinguished RA patients from controls was "Interferon-Mediated Immunity"
Pathway analysis
In addition, we performed Gene Set Enrichment Analysis (GSEA) [20] to identify pathways relevant to RA. In contrast to ontology analysis this algorithm is based on the usage of all available gene expression data and derives it power from the analysis of sets of genes that are coordinately regulated in a defined biological process or pathway, while it uses data permutation to adjust for multiple testing. In addition to the intrinsic GSEA pathway gene sets, we included previously reported IFN-response sets in our analysis. [21, 22] The results revealed that besides the five GSEA intrinsic gene sets (Table 3) , the previously described type I IFN-induced genes by Baechler et al. [22] (in their supplementary data), and the IFNα-induced genes were both significantly increased in RA patients.
IFN-induced genes in RA.
We confirmed expression of key genes of the IFN pathway, RSAD2 and G1P2, in all samples by real-time PCR, which showed a high correlation with the microarray data (r = 0.78 and 0.87 respectively, P < 0.0001 in both cases, data not shown). To rule out an effect of MTX treatment on the IFN-induced genes, we made a comparison of patients with (n=25) and without MTX treatment (n=10) with the appropriate age and sex-matched controls. SAM revealed that both 
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Indentifying RA subtypes by genomic profiling of peripheral blood 129 groups of patients showed a prominent IFN-induced gene expression signature ( Figure 1C and D). Thus, the IFN expression signature was present in RA patients irrespective of MTX treatment.
The expression profiles of the three probable RA patients, within the MTX naive group, did not differ from the other MTX-naive patients. Meanwhile, two of the probable RA patients have been diagnosed with "definite" RA at 6 and 12 months after Paxgene blood sampling, respectively, suggesting that the RA signature is present in the blood prior to diagnosis.
Selective upregulation of type I IFN-response genes in RA.
Type I IFNs are mainly produced directly after viral infection whereas type II IFNs are secondary produced by activated T-and natural killer (NK) cells. Type I and type II IFN response programs share many of their genes. To disclose information on the inducing type of IFN, we obtained a specific type I IFN-and type II IFN-response gene set [21] (Supplementary Table 1 ). The type I IFN-response set consists of 5 genes that respond to both IFNα and IFNβ, but not to IFNγ. The type II IFN-response set consists of 13 genes responding specifically to IFNy. [21] To investigate the relative contribution of either gene set to the RA gene expression profile we calculated for each gene set the mean gene expression level (log2 ratio) per patient and healthy control and compared the two groups with each other (Figure 2 ). This analysis showed that the mean gene expression level of the type I IFN gene set was significantly higher in the RA patient group (P = 0.0004), whereas the mean gene expression level of the type II IFN genes was similar between patients and controls. Hence, these findings provide evidence that type I IFNs rather than type II IFNs are responsible for the increased expression of IFN-induced genes.
The IFN signature defines a subgroup of RA patients.
Consistent with the heterogeneous nature of RA we observed that the IFN-response showed a large variation between RA patients (Figure 2 and 3) . To obtain more insight into the differential 
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Chapter 9 130 expression of IFN-induced genes in individual patients, we calculated for each individual, the average expression of the IFN-cluster genes, that were upregulated in RA patients, as described in Figure 1B . Next we defined which patients show an altered IFN-response, by calculating the 95 % limits of the controls (normal values, defined as the mean expression of the 43 IFN genes, plus or minus 1.96 times the standard deviation). We identified 20 patients with an average expression level above normal values, further defined as the IFN high group, while the remainder of the patients, with an expression level equal to controls, were defined as IFN low (Figure 3 ).
Distinct characteristics of the IFN high group.
To further characterize the IFN high group, we performed SAM analysis, which revealed that 484 genes were upregulated in IFN high patients, compared to the healthy controls, while 229 genes were downregulated. The same analysis for the IFN low patients revealed only 57 upregulated genes and 93 downregulated genes. These data indicate that within the RA patients, the patients with an IFN signature represent the most distinct group compared to normal controls.
When we applied Gene Ontology analysis, we found that nearly all of the processes that were identified as upregulated in the whole RA group, were also upregulated in the IFN high group.
Moreover, an additional group of 10 biological processes were selectively upregulated in the IFN high group. (Table 2) . No downregulated processes were identified. Gene Ontology analysis of the IFN low group revealed no significant down or upregulated processes. 1.
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In accordance with Gene Ontology analysis, pathway analysis by GSEA revealed that the IFN high patients were responsible for the upregulated pathways in the overall RA group (Table 3) .
This was particularly clear for the IFN-type I induced gene sets, complement, and coagulation cascades. On the other hand, the IFN low group was associated with increased expression of the "Neuroactive ligand-receptor interaction" pathway. We did not identify any downregulated pathwways in either group of RA patients. Overall, these analyses indicate that within the whole group of patients, the IFN high group is more distinct from controls than the IFN low group. The molecular stratification of RA was not associated with clinical parameters that are described in Table 1 .
DiscUssioN
Since RA is a systemic disease, several investigators addressed the question whether disease characteristics are reflected by changes in gene expression levels in PB cells. Whereas these studies provided insight into the genes that were differentially expressed between RA patients and healthy controls, the issue of transcript-based disease heterogeneity has not been addressed so far, except for a comparison between recent onset arthritis and longstanding disease. [23] Using large-scale gene expression profiling, we identified a large number of genes, including genes involved in the immune/inflammatory response, such as the previously described calcium-binding proteins S100A8, S100A12, and IL1RA. [24, 25] Pathway level analysis was used to classify gene expression data in biological processes and pathways. The clear induction of IFN-response genes in RA patients prompted us to incorporate several IFN-response gene sets from published data [21, 22] in the analysis. This analysis revealed that the type I IFN-mediated immunity was the most significantly upregulated pathway in RA patients, independent of MTX treatment. Albeit, that inclusion of the type I IFN gene set is a biased decision, this approach provides a method to demonstrate the significance of the type I IFN response program in RA.
Most interestingly, our analysis revealed a striking heterogeneity between RA patients based on the differential expression of genes involved in the innate defense system, in particular the type I IFN system. These findings suggest that different pathogenic mechanisms may contribute to the disease. The IFN high group was further characterized by gene sets reflecting increased activity of complement and coagulation cascades. [26] Next to complement activation, the other pathways associated with the IFN type I signature, such as "Fatty acid metabolism" and "Coagulation" may all contribute to the increased risk for cardiovascular disease in a subgroup of RA patients. [27] 14.
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The most significant genes from the complement and coagulation pathway are indicated in Figure 1 , including Complement subcomponent C1q chain B (C1QB), Coagulation factor XII (F12), tissue plasminogen activator (PLAT) and Serpin peptidase inhibitor, clade G (C1 inhibitor), member 1 (SERPING1). These genes are involved in activation as well as inhibitory components of the pathways. Upregulation of IFN-induced genes has also been observed in PB cells of (a subset of ) patients with other autoimmune diseases like systemic lupus erythematosus (SLE), [22, 28] systemic sclerosis (SSc), [29] multiple sclerosis (MS), [13] and in tissues from patients with Sjögren's syndrome (SS), [30] type I diabetes mellitus, [31] and dermatomyositis. [32] These findings suggest that an activated IFN gene expression program is a common hallmark in chronic autoimmune diseases.
Type I IFNs, which are the early mediators of the innate immune response that influence the adaptive immune response through direct and indirect actions on dendritic cells (DC), T-and B cells, and NK cells, could impact the initiation or amplification of autoimmunity and tissue damage through their diverse and broad actions on almost every cell type and promotion of T helper 1 responses. [33] This appears to be the case for SLE, but for RA both clinical and pathophysiological data have suggested that tumor necrosis factor alpha (TNFα) rather than type I IFN is essential for persistence of the disease. Hence, it is believed that mutually exclusive cytokine expression patterns are characteristic for distinct autoimmune diseases. However, since we observed an IFN type I signature in the PB of a subgroup of RA patients this could mean that cytokine profiles are a patient-specific rather than a disease-specific phenomenon.
In SLE patients, the IFN signature is related to disease severity. [22] It is at present unclear what the role of type I IFNs in RA pathogenesis could be. In analogy to SSc [29] and MS, [13] no clinical associations were found for RA so far. We have previously suggested that IFN/STAT-1 activation in RA synovium could be a reactive attempt to limit inflammation. [ 15.
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Chapter 9 134 dependent on interaction with FcγRIIa and Toll-like receptors. [30, 39] Further studies need to determine whether the increased type I IFN-response genes in RA are the result of endogenous or infectious factors.
Besides a role for peripheral blood cells as producers of type I IFNs, cells at the site of inflammation may also be responsible for production. Cells with morphological and phenotypic characteristics of pDC were shown to infiltrate skin lesions in SLE and actively produce type 1 IFN locally. [40] In patients with SS, numerous IFNα -producing cells were detected in the affected salivary gland biopsies. [30] In RA, IFNβ protein has been detected in the synovium.
[41] Moreover, fibroblast-like synoviocytes (FLS) were responsible for increased levels of IFNβ in the RA synovium. [42] The endogenous TLR3 ligand, dsRNA derived from necrotic synovial fluid cells, has been shown to stimulate the production of IFNβ in RA FLS. [43] In conclusion, we demonstrated that genomic profiling powers disease subclassification and has led to the identification of subgroups of patients, based on differential expression of genes involved in non-specific immunity.
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